The integrity of white matter, as measured in vivo with diffusion tensor imaging (DTI), is disrupted in normal aging. A current consensus is that in adults advancing age affects anterior brain regions disproportionately more than posterior regions; however, the mainstay of studies supporting this anterior-posterior gradient is based primarily on measures of the corpus callosum. Using our quantitative fiber tracking approach, we assessed fiber tract integrity of samples of major white matter cortical, subcortical, interhemispheric, and cerebellar systems (11 bilateral and 2 callosal) on DTI data collected at 1.5 T magnet strength. Participants were 55 men (age 20-78 years) and 65 women (age 28-81 years), deemed healthy and cognitively intact following interview and behavioral testing. Fiber integrity was measured as orientational diffusion coherence (fractional anisotropy, FA) and magnitude of diffusion, which was quantified separately for longitudinal diffusivity (λL), an index of axonal length or number, and transverse diffusivity (λT), an index of myelin integrity. Aging effects were more evident in diffusivity than FA measures. Men and women, examined separately, showed similar age-related increases in longitudinal and transverse diffusivity in fibers of the internal and external capsules bilaterally and the fornix. FA was lower and diffusivity higher in anterior than posterior fibers of regional paired comparisons (genu versus splenium and frontal versus occipital forceps). Diffusivity with older age was generally greater or FA lower in the superior than inferior fiber systems (longitudinal fasciculi, cingulate bundles), with little to no evidence for age-related degradation in pontine or cerebellar systems. The most striking sex difference emerged for the corpus callosum, for which men showed significant decline in FA and increase in longitudinal and transverse diffusivity in the genu but not splenium. By contrast, in women the age effect was present in both callosal regions, albeit modestly more so in the genu than splenium. Functional meaningfulness of these age-related differences was supported by significant correlations between DTI signs of white matter degradation and poorer performance on cognitive or motor tests. This survey of multiple fiber systems throughout the brain revealed a differential pattern of age's effect on regional FA and diffusivity and suggests mechanisms of functional degradation, attributed at least in part to compromised fiber microstructure affecting myelin and axonal morphology.
Introduction
With the advent of diffusion tensor imaging (DTI) in human applications, novel opportunities have emerged for in vivo characterization of qualitative features of the brain's white matter microstructure, such as fiber organization and myelin development. DTI studies have focused on exami-As stochastic descriptions of the movement of water molecules entrapped in fibers, DTI's metrics provide a quantitative method for characterizing the integrity of different features of white matter. The two principal DTI metrics are fractional anisotropy (FA), which is a measure of degree to which water diffusion has a common orientation, and diffusivity, which is a measure of the magnitude of water diffusion (Pierpaoli and Basser, 1996) . Highly myelinated fiber bundles with a common orientation will have high anisotropy (usually measured as fractional anisotropy, FA). Breakdown of the myelin sheath, for example, with aging or disease can result in increases in extracellular fluid and transverse diffusivity (Song et al., 2002 (Song et al., , 2005 . Axonal damage has been associated with decreased FA and a disproportionate increase in longitudinal relative to transverse diffusivity (Song et al., 2003) .
In general, studies on differences across the adult age range have quantified white matter integrity in focal brain regions and report average DTI metrics within those regions. Another analysis approach involves voxel-based morphometry, which attempts to identify selective regions throughout the brain where older groups differ from younger ones (reviewed by Sullivan and Pfefferbaum (2007) ). Regardless of approach, the general consensus is that with advancing age, anisotropy in white matter declines and is accompanied by an increase in diffusivity (Chun et al., 2000; Head et al., 2004; Madden et al., 2004; Nusbaum et al., 2001 ; O Pfefferbaum and Sullivan, 2003; Pfefferbaum et al., 2000b; Salat et al., 2005; Stebbins et al., 2001 ; but see Chepuri et al., 2002; Helenius et al., 2002) . The age effects are regionally diverse and typically show an anterior-posterior gradient of anisotropy decline (Ardekani et al., 2007; Bhagat and Beaulieu, 2004; Bucur et al., 2007; Foong et al., 2000; Grieve et al., 2007; Head et al., 2004; Hsu et al., 2008; Kochunov et al., 2007; Madden et al., 2004 Madden et al., , 2007 Nusbaum et al., 2001; O'Sullivan et al., 2001; Pfefferbaum et al., 2000b Pfefferbaum et al., , 2005 Pfefferbaum and Sullivan, 2003; Salat et al., 2005; Sullivan et al., 2001; Takahashi et al., 2004; Yoon et al., 2007) and diffusivity rise (Chen et al., 2001; Engelter et al., 2000; Head et al., 2004; Helenius et al., 2002; Hsu et al., 2008; Naganawa et al., 2003; Pfefferbaum et al., 2005; Pfefferbaum and Sullivan, 2003) with age that was confirmed in a monkey model of aging (Makris et al., 2007) . With a few exceptions (Hsu et al., 2008) , this aging pattern is similar in men and women . A study of elderly twin men revealed that anterior regions of callosal white matter are under proportionately greater environmental than genetic control than are posterior regions . Taken together, these studies indicate the relevance in comparing DTI metrics in multiple white matter fiber systems, separately in men and women, to reveal a complete picture of the pattern of sparing and loss of tissue integrity related to normal aging.
In addition to assessment of regional samples of white matter, DTI can provide visual depictions of white matter fiber systems (Lehericy et al., 2004; Stieltjes et al., 2001; Xu et al., 2002) and can be used to quantify FA and diffusivity along the length of identified fiber bundles (Gerig et al., 2005; Sullivan et al., 2006) . This approach, referred to as quantitative fiber tracking, does not actually identify anatomically specific fibers or fiber bundles as detected histologically. Rather, it is a statistical representation of the voxel-to-voxel coherence of DTI-detectable water diffusion in white matter that is, nonetheless, increasingly being shown as representative of the underlying anatomy (Schmahmann et al., 2007) . Whereas FA is a measure of the orientation of diffusion derived from the tensor's eigenvectors on an intravoxel basis, coherence-based measures, including tractography, provide an orientational measure on an intervoxel basis, that is, the degree to which the diffusion orientation of a voxel is similar to its neighbors (Pfefferbaum et al., 2000a) , and serves the conceptual basis for quantitative fiber tracking (Fillard and Gerig, 2003; Gerig et al., 2005) . Although the connectivity and coherence between different brain regions on vector and fiber tracking maps are readily apparent on visual inspection, these displays are not commonly quantified.
Quantitative fiber tracking has recently been used to characterize the developing brain in normal children and premature neonates (Barnea-Goraly et al., 2005; Gilmore et al., 2007 ), yet few studies have applied it to normal aging in adulthood. Recently, we observed lower FA, higher diffusivity, and fewer imaging-defined fibers in the anterior but not posterior segments of the corpus callosum in 10 elderly compared with 10 young, healthy men and women . Also observed were correlations between callosal fiber tracking metrics and performance on the Stroop color-word reading test. In a later study, which examined only the genu and splenium and based on DTI data from the 120 healthy adults in the current report, we observed a decline in FA and increase in diffusivity with age over a six-decade span that was greater in the genu than splenium of the corpus callosum . A study focused on the fornix and cingulum, two fiber bundles connecting nodes of the limbic system, found age-related decline in FA and number of fibers and increase in diffusivity in the fornix but not the cingulum in 38 healthy individuals, age 18-88 years (Stadlbauer et al., 2008) .
The functional ramifications of the DTI metrics have been regularly verified with observations of correlations between regionally-specific low FA or high diffusivity and poor cognitive Charlton et al., 2007; Grieve et al., 2007; Madden et al., 2007; O'Sullivan et al., 2001; Shenkin et al., 2003; Stebbins et al., 2001; Sullivan et al., 2006) or motor ) test performance in humans and also a monkey model of aging (Makris et al., 2007) . A recent study reported that decreased frontostriatal transverse diffusivity, suggestive of increasing myelination, correlated with speeded reaction time in a cognitive control (GO/NOGO) task engaged in by 21 individuals, age 7-31 years (Liston et al., 2006) and lending functional relevance to fiber tracking methods.
The purpose of the present analysis was to examine in a large group of healthy men and women, spanning the adult age range, the effects of age and sex on multiple major fiber systems throughout the brain and brain stem. Fiber bundles examined were major bilateral tracts coursing through limbic (fornix, superior and inferior cingulum) and striatal (internal and external capsules) regions; supratentorial tracts (frontal and occipital forceps and superior and inferior longitudinal fasciculi); and infratentorial tracts (pontocerebellar and cerebellar hemisphere bundles). Also measured were interhemispheric connections, which were six anatomicallyconsidered sectors the corpus callosum (after Pandya and Seltzer, 1986) . We then tested the functional relevance of the DTI metrics by correlating them with tasks assessing cognitive and motor speed.
Methods

Participants
Participants were 120 healthy adults (55 men and 65 women) age 20-81 years, drawn from multiple recruitment efforts for ongoing longitudinal studies in our laboratory. All participants gave signed informed consent to participate in these laboratory studies and for continued use of the acquired data in follow-up analyses. DTI data based on the corpus callosum genu and splenium have appeared in our previous report ; here we expand the analysis by segmenting the corpus callosum into six anatomical regions of interest and add 21 separate fiber tracks widely distributed across the brain.
All participants underwent a series of structured interviews designed to characterize pertinent medical and psychiatric information. Clinical psychologists administered the Structured Clinical Interview for DSM-IV (First et al., 1998) to identify patients who met exclusionary criteria for lifetime schizophrenia or bipolar disorder, alcohol dependence or abuse, or non-alcohol substance dependence or abuse, and a structured history of alcohol consumption (Pfefferbaum et al., 1992; Skinner, 1982; Skinner and Sheu, 1982) to exclude participants whose quantity and frequency of drinking was in the hazardous range (4 drinks for women and 5 drinks for men per day for 30 consecutive days for any period of life). General cognitive status was assessed with the National Adult Reading Test (NART), which yields an intelligence quotient (IQ) with an average score of 100 (Nelson, 1982) . Before analyzing the brain data, four research clinicians reviewed each participant's performance on each test of our standard clinical assessment. By concurrence, two women failed to meet study criteria for minimum achievement on standard tests of current cognitive status (Mini-Mental State Examination, Dementia Rating Scale, or the National Adult Reading Test). One man reported excessive alcohol drinking, and another man was found to have insulin dependent diabetes. Clinical review of the structural images revealed abnormalities in two additional men: one had a large vessel in a cerebellar hemisphere and the other had ventriculomegaly. The image quality of one woman was inadequate for quantitative analysis.
Additional interviews and examinations assessed handedness (Crovitz and Zener, 1962) ; socioeconomic status scale (SES), a two-factor scale based on education and occupation (Hollingshead and Redlich, 1958) ; and body mass index (height cm/weight kg 2 ), an index of nutritional status. Means ± S.D. or frequency counts of these and other demographic values are presented in Table 1 .
Imaging acquisition protocol
An initial spin-echo midsagittal localizer scan (13 contiguous, 4 mm thick, slices; TR/TE = 300/14 ms; matrix = 256 × 256, FOV = 24 cm) was used to identify landmarks for prescription of all subsequent coronal scans. The superior/inferior (S/I) center position of the coronal acquisitions was chosen as the most inferior extent of the midpoint of the isthumus of the corpus callosum, and the extent of the prescription in the anterior-posterior (A-P) orientation subtended the entire brain for all subjects. A coronal structural sequence used in this analysis was acquired with a 24 cm field of view: a dual-echo fast spin echo (FSE) sequence (47 contiguous, 4 mm thick slices; TR/TE1/TE2 = 7500/14/98 ms; matrix = 256 × 192). All images were zero-filled to 256 × 256 pixels in-plane by the scanner reconstruction software. DTI was performed in the coronal plane with the same slice location parameters as the dual-echo FSE, using a single shot spin-echo echo-planar imaging technique with a 24 cm field of view (47 contiguous, 4 mm thick slices, TR/TE = 10,000/103 ms, matrix = 128 × 128, in-plane resolution = 1.875 mm 2 ). The amplitude of the diffusionsensitizing gradients was 1.46 Gauss/cm with 32 ms duration and 38 ms separation, resulting in a b-value of 860 s/mm 2 . Diffusion was measured along six non-collinear directions with alternating signs to minimize the need to account for cross-terms between imaging and diffusion gradients (Neeman et al., 1991) . For each gradient direction, six images were acquired and averaged. For each slice, six images with no diffusion weighting (b = 0 s/mm 2 ) were also acquired.
Image processing
The 47-slice, dual-echo FSE images were passed through the FSL brain extraction tool (BET) (Smith, 2002) to extract the brain and exclude dura, skull, scalp and other non-brain tissue. Eddy-current-induced image distortions due to the large diffusion encoding gradients cause spatial distortions in the diffusion-weighted DTI images that vary from one diffusion direction to the next. These artifacts were minimized by alignment with an average made of all 12 diffusion-weighted images with a 2-D 6-parameter affine correction on a slice-byslice basis (Woods et al., 1998) to unwarp the eddy-current distortions in the diffusion-weighted DTI images for each direction. After eddy-current correction, the DTI data were aligned with the FSE data with a non-linear 3D warp (3rd order polynomial), which provided in-plane and throughplane alignment.
Using the averaged images with b = 0 and b = 860 s/mm 2 , six maps of the apparent diffusion coefficient (ADC) were calculated, each being a sum of three elements of the diffusion tensor. Solving the six equations with respect to ADCxx, ADCxy, etc. yielded the elements of the diffusion tensor. The diffusion tensor was then diagonalized, yielding eigenvalues λ 1 , λ 2 , λ 3 as well as eigenvectors that define the predominant diffusion orientations. Based on the eigenvalues from the tensor, fractional anisotropy (FA) was calculated on a voxel-by-voxel basis. The trace of the tensor matrix (the sum of the eigenvalues) and diffusivity expressed as apparent diffusion coefficient (ADC, the mean of the eigenvalues), like FA, were calculated on a voxel-by-voxel basis. Thus, each diffusion-weighted study was initially reduced to a set of three images for each slice (FA, diffusivity, and b = 0) to be used for analysis in conjunction with the anatomical images. FA was expressed as a percent, and ADC was expressed in units of 10 −6 mm 2 /s.
Warping to common coordinates
To achieve common anatomical coordinates across subjects, a group-average FA data set was constructed from the FA data from all 120 subjects with group-wise affine registration (Learned-Miller, 2006) followed by an iterative non-rigid averaging (Rohlfing et al., 2001; Rohlfing and Maurer, 2003) .
Identification of white matter regions of interest
On a midsagittal slice of a group average FA image the corpus callosum was manually outlined and divided into six sectors from anterior to posterior based on the scheme of Pandya and Seltzer (1986) . The fornix was also identified in the midline at its most anterior extent. Bilateral tract sources were identified with the following anterior-posterior locations: internal capsule at the knee of the internal capsule; external capsule at the knee of the internal capsule; frontal forceps 17 mm anterior to the genu; occipital forceps 15 mm posterior to the splenium; superior cingulate at anterior margin of pons; inferior cingulate at mid-temporal stem; superior longitudinal fasciculus at posterior pons; inferior longitudinal fasciculus at mid-temporal stem; pontocerebellar tract at mid-pons; and cerebellar hemispheres at mid-cerebellum ( Fig. 1) . Fig. 1 . Fiber tracts were identified on the group-average FA image in common space with single point landmarks in three dimensions on axial or coronal slices. Three orthogonal views of FA were displayed and could be moved simultaneously by a human operator. This example presents the landmark for the left superior cingulate bundle.
Fiber tracking
The fiber tracking routine (Mori et al., 1999; Xu et al., 2002) , distributed by G. Gerig (www.cs.unc.edu), used a target-source convention that restricted the fibers to ones originating in source voxels and passing through target voxels. In common space the corpus callosum target was expanded to 5.625 mm wide and each landmark was dilated with a morphological operator to produce a 9.375 mm cube as the fiber tracking target. Sources were defined as 5.625 mm thick planes: (a) 9.375 mm bilateral to the corpus callosum subtending the entire anterior-posterior extent of the brain; (b) 5.625 mm anterior and 5.625 mm posterior to the frontal and occipital forceps, superior and inferior cingulate, superior and inferior longitudinal fasciculi; (c) superior and inferior to the internal and external capsules. A cube surrounding the fornix, pontocerebellar tracts and cerebellar hemispheres served as sources for these targets. For each subject the targets and sources were mapped to that subject's native image space with a numerical inversion of the transformation to common space for fiber tracking. To compensate for any registration inaccuracy and ensure proper localization for each target, the FA image was multiplied by the eigenvector value for the orientation orthogonal to the expected tract orientation (e.g., the z-axis for the internal capsule) and then a search was performed within a 3 × 3 × 3 voxel space allowing the target voxel to move ±1, 1.875 mm voxel in any direction. The targets, sources, and tensor images in native space were passed to the fiber tracking routine, the output of which is a 3D graphical model of the fiber paths, a table of locations and DTI metrics for each voxel in each fiber. Tracking parameters included white matter extraction threshold (minimum FA) of .17, fiber tracking threshold of .125, and maximum voxel-tovoxel coherence minimum transition smoothness threshold of .80 (∼37 • maximum deviation between voxels), with essentially no limit on the number of fibers. Fiber length minimum (11.25 mm) and fiber length maximum (45 mm) assured that only the data reflecting the mid-region of the fiber bundle at the target location was used. The FA, ADC, and λ 1 , λ 2 , and λ 3 of each voxel comprising each fiber, for all fibers, were determined. We refer hereafter to the group of fibers coursing through each target region as "fiber bundles." The mean FA, ADC, longitudinal diffusivity (λL = λ 1 ) and transverse diffusivity (λT = [λ 2 + λ 3 ]/2) for each fiber bundle were the units of analysis. After fiber detection the fiber locations were transformed back to common coordinates for display (e.g., Fig. 4 ).
Neuropsychological tests
The test used to question whether the regional DTI metrics had apparent functional significance involved speed motor or cognitive skills or postural stability. Higher scores indicated better performance for all functional measures. The Fine Finger Movement Test required subjects to turn a knurled pin with their forefinger and thumb, unimanually and then bimanually (Corkin et al., 1986) . Three, 30-s trials for each condition were administered. The score was the number of rotations made per condition; for data reduction, the mean score of the four conditions was used in correlational analysis with the DTI metrics. The Digit Symbol Test of the Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981 ) required subjects to fill in a grid of boxes with a symbol that was associated with single-digit numbers as quickly as possible; the score was the total number of correct boxes completed in 90 s. Two measures of an ataxia battery (Fregly et al., 1972) were analyzed, each performed with eyes closed: (1) stand heel-to-toe with arms folded across the chest for two, 60 s trials; (2) stand on one foot at a time for two, 30 s trials and scores for correlational analysis were expressed as the mean of left and right leg scores.
Statistical analysis
The effects of age and sex were tested for each fiber tracking region and for each DTI metric (FA, MD, λL, and λT) with a two-step procedure. For the first set of analyses, we used repeated measures analysis of variance (ANOVA) to test for sex differences by hemisphere for each bilateral fiber bundle, with the objective of averaging left and right hemisphere measures for regions not showing significant sex-by-hemisphere interactions. Such averages would halve the number of potential analyses required to test for age effects. For the six segments of the corpus callosum, we used repeated measures ANOVA (sex-by-six segments) to test for sex and interaction effects. Follow-up analyses used t-tests. For the second set of analyses, we focused on age and sex effects. Accordingly, relations between variables were tested with Pearson product-moment correlations (r), with the prediction that lower FA and higher diffusivity would be correlated with older age and poorer test performance. Differences between correlations for men versus women were assessed with slopes tests. In a set of analysis, we examined whether regional DTI metrics were predictive of test performance and applied family-wise Bonferroni correction for 17 comparisons (11 bilateral and 6 commissural measures), for which p-values ≤.006 were considered significant.
Results
Effects of sex and hemisphere on normal variation in bilateral fiber systems
Repeated measures ANOVAs examined laterality differences between men and women in the 10 bilateral fiber systems and sought sex-by-hemisphere interactions. ANOVA statistics are presented in Table 2 . None of the interactions met statistical significance with correction for multiple comparisons (family-wise Bonferroni correction for Bold numbers indicate significant results determined with family-wise Bonferroni correction for 10 comparisons with α = .05 requires p = .005.
10 comparisons for α = .05, p = .005). Only two regional group effects were significant after multiple test correction: frontal forceps FA was greater in the men than the women (p = .0026), and the cerebellar hemisphere diffusivity measures were greater in the women than men (ADC p = .0001, λL p = .0001, and λT p = .0002). Given the absence of systematic sex-by-hemisphere interactions in the bilateral fiber systems, subsequent analyses used the mean FA or diffusivity of the left and right hemispheres, as presented in Fig. 2 . The fornix, which was not divided bilaterally, showed marginal sex differences in FA, which was 3.8% greater in men than women (t(118) = 2.165, p = .0324) and no sex differences in ADC (t(118) = .733, p = .4648), λL (t(118) = .413, p = .6804), or λT (t(118) = .848, p = .3979).
Effects of sex and sector on normal variation in callosal fiber sectors
Repeated measures ANOVAs examined differences between men and women across the six callosal fiber sec- tors for each DTI metric. Mean ± S.E. for each measure by sex are presented in Fig. 3 . For FA, although the group effect was not significant (F(1,118) = .575, p = .4498), the effects of region (F(5,590) = 260.615, p = .0001) and the sex-by-region interaction were significant (F(5,590) = 4.984, p = .0002). The regional effect reflected an anterior to posterior gradient, with lower FA anteriorly than posteriorly. Follow-up t-tests indicated that women had significantly lower FA than the men by 2.8% in the splenium, the most posterior sector (t(118) = 2.889, p = .0046). ADC showed a region effect (F(5,590) = 59.355, p = .0001) and a sex-byregion interaction (F(5,590) = 3.029, p = .0104), indicating greater diffusivity in the anterior sectors of the women, likely attributable to presence of more older women than men in the samples. For λL, only the region effect was significant (F(5,590) = 18.528, p = .0001), where diffusivity tended to be higher in the posterior than anterior sectors; neither the group effect (F(1,118) = 1.578, p = .2115) nor interaction was significant (F(5,590) = 1.172, p = .3215). λT showed a region effect (F(5,590) = 155.109, p = .0001) and a sexby-region interaction (F(5,590) = 4.211, p = .0009) but not a group effect (F(1,118) = .023, p = .8807); regional diffusivity of λT indicated higher transverse diffusivity anteriorly than posteriorly. Fig. 3 . Mean ± S.E.M. of each DTI metric for callosal sector. In general, the men and women differed little from each other but did show regional variation, with the anterior sectors showing lower FA and higher diffusivity than posterior sectors. Fig. 4 displays the scatterplots, regression lines, correlation coefficients, and p-values of the regional FA and diffusivity correlations with age separately for men and women. Tests of differences between regression slopes of men versus women for each bilateral fiber system failed to identify differences in the relationship between any DTI metric and age. Decreases in FA with age were typically modest, with the most prominent age effect in the frontal forceps.
Effects of age and sex on normal variation in regional DTI metrics: bilateral fibers
In general, the diffusivity measures complemented FA by showing increases in diffusivity with age that were similar in men and women; however, the diffusivity-age correlations were more pronounced than those observed in FA. The three diffusivity measures in the fornix, internal and external capsules, and superior longitudinal fasciculi were greater in older than younger men and women. Neither the pontocerebellar tracts nor the cerebellar hemisphere fibers showed significant positive slopes with age.
Effects of age and sex on normal variation in callosal fiber systems
Fig. 5 displays the scatterplots, regression lines, correlation coefficients, and p-values of the regional callosal FA and diffusivity correlations with age separately for the men and women. In general, the correlations between DTI metrics and age were greater for the women than the men. In the women, FA declined significantly with age in five of the six callosal sectors; the exception was the sensorymotor sector. Although regressions of the men between FA and age were negative, the FA decline was significant only in the parietal and temporal sectors. For diffusivity, ADC, λL, and λT measures were significantly higher (p ≤ .05) with older age in women in all six callosal sectors. For men, diffusivity increase with age was significant for ADC in all sectors except the splenium, for λL in the anterior four sectors (genu, premotor, sensory-motor, and parietal), and for λT in the genu, premotor, parietal, and temporal sectors. Tests between regression slopes identified a significant difference for λT (p = .045) and a trend for λL of the splenium (p = .0666), indicating that the increases in diffusivity with age were greater in women and men.
Test performance associations with regional fiber bundle FA and diffusivity
We examined whether regional DTI metrics were predictive of test performance. Applying family-wise Bonferroni correction for 17 comparisons (11 bilateral and 6 commissural measures) with predicted directions per brain measure, p-values ≤.006 were considered significant. All correlations and p-values are presented in Table 3 . Fine finger movement scores correlated significantly with three lateral fiber bundles (internal capsules, external capsules, and cerebellar hemisphere bundles) and no commissural fiber tract metrics. Two multiple regression analyses tested whether the internal or external capsule FA and then λT were independent predictors of fine finger movement scores (Fig. 6) . Unlike measures of the external capsule (FA p = .71041; λT p = .7061), the internal capsule FA (p = .007) and λT (p = .0358) made significant, independent contributions to prediction of performance.
Digit Symbol scores correlated with FA or diffusivity in several lateral fiber bundles (fornix, internal and external capsules, frontal forceps, superior longitudinal fasciculus) and in three of the six callosal sectors (genu, parietal, temporal). The most robust correlations were between Digit Symbol scores and the temporal callosal sector (Fig. 6 ). For ataxia, higher scores correlated with higher FA in the frontal forceps (Fig. 6) .
Because each of the performance measures correlated negatively with age, we used multiple regression analysis to test whether the DTI-performance correlations were mediated by age alone or alternatively, could be attributable to local fiber integrity. In no case did age make an independent contribution to the relationship with fine finger movement scores beyond the independent contributions from the DTI measures of fiber integrity. By contrast, age was the predominant factor in predicting Digit Symbol and ataxia scores, with one exception: FA or diffusivity in the temporal callosal sector and age each contributed significantly to the prediction of Digit Symbol performance.
Discussion
DTI anisotropy and diffusivity measures derived from quantitative fiber tracking enabled in vivo examination of the effect of aging on the microstructural integrity of major supratentorial, infratentorial, and commissural fiber systems in the healthy men and women. Orientation (FA) and magnitude (ADC) of diffusion indexed fiber integrity and varied by bundle location. The lowest FA was observed in the inferior cingulum bundle and the highest in the pontocerebellar tract; by far the highest diffusivity (ADC, λL, and λT) was in the fornix. Without regard to age effects, only two fiber bundles exhibited significant sex differences, which were small: FA in the frontal forceps of the men was 3.8% higher than in the women, and diffusivity in the cerebellar hemisphere bundles was 2.7% for λL to 4.6% for λT greater in the women than the men. The sex effects observed were bilateral because in no region was the sex-by-hemisphere interaction for anisotropy or diffusivity significant; that is, any laterality difference observed was the same for men and women.
The effect of age on regional DTI metrics varied by fiber bundle and was far more dramatic than observed sex differences. Of the 17 fiber bundles examined, only for the splenium were the regression slopes of DTI metrics with age significantly different in men from women; specifically, the slope for transverse diffusivity was steeper in women than men, suggesting that the splenia of women age faster than those of men through myelin degradation. The overall pattern of age-related differences indicated that anterior fiber systems (frontal forceps and callosal genu) showed more consistent age effects than their posterior counterparts (occipital forceps and callosal splenium), and superior lateral systems Table 3 ) between regional DTI metrics and different tests of motor function and psychomotor speed.
(superior cingulum and longitudinal fasciculus) were more consistently affected than their inferior counterparts (inferior cingulum and longitudinal fasciculus). The increase in diffusivity of the superior fiber systems was more apparent in the transverse than longitudinal diffusivity, suggestive of myelin compromise. In contrast to supratentorial fiber systems, the two infratentorial systems examined (pontocerebellar and cerebellar hemisphere bundles) showed no signs of aging whatsoever, a finding consistent with a fiber tracking study of children and young adults (Liston et al., 2006) and a regionof-interest study of adult aging (Yoon et al., 2007) . As has been speculated, demonstrated, and replicated with regionof-interest and voxel-based analyses (for reviews, Minati et al., 2007; Moseley, 2003; Pfefferbaum and Sullivan, 2005a; Pfefferbaum, 2003, 2007; Wozniak and Lim, 2006) , these patterns of normal aging provide support for subtle disruption of frontal systems in explaining age-related decline in selective cognitive and motor functions (Craik and Salthouse, 2008; Fazekas et al., 2005; Raz and Rodrigue, 2006) . Degradation of anterior commissural fibers may curtail deployment of bilateral compensatory mechanisms to enhance performance when age-related decline reduces performance efficiency by the preferred gray matter system (c.f., Dennis and Cabeza, 2008) .
The functional relationships observed with measures of regional white matter microstructure lend validity to the DTI metrics reported. Fine finger movement speed was related to the integrity of fibers of the internal and external capsules, which are systems interconnecting striatal and motor cortical regions subserving motor control. The internal capsule fibers course through its genu, lending speculation to the possibility that the fiber system measured reaches toward the supplementary motor area, possibly about the level of the hand region, given the somatotopic organization of the internal capsule with respect to the primary and supplementary motor areas (Schmahmann et al., 2004) . Such motor systems may be more resistant to the effects of age than fibers of the anterior limb of the internal capsule because of latter's predominant connections with prefrontal sites. The focal nature of this primarily motor fiber system makes it an ideal correlate of basic motor functions, as observed in our DTI-fine finger movement correlations.
Also relevant to motor performance are the cerebellar hemisphere fiber bundles; here, greater transverse diffusivity, an index of myelin integrity, contributed to slower finger movement. This speeded movement task does not require interhemispheric transfer of information for good performance, and indeed, the integrity of the corpus callosum did not relate to performance on this task. Regarding the test of postural stability (stand on one foot), we have noted in previous studies that declining stability in normal aging does not necessarily have a cerebellar substrate as occurs in pathological conditions, such as chronic alcoholism . Instead, age-related imbalance and ataxia occurs with degradation of supratentorial white matter. In particular, geriatric studies report greater incidence of falling in older men and women with white matter hyperintensities in centrum semiovale and periventricular tissue, detectable on MRI (Baloh et al., 2003; Cahn et al., 1996; Tell et al., 1998 ) (reviewed in Butler et al., 2006 and DTI . Regarding Digit Symbol performance, which requires speeded scribing with enhancement from good working memory and selective attention (Sassoon et al., 2007) , the fiber systems correlating with performance involved executive, memory, and attentional systems (internal and external capsules, fornix, frontal forceps, and superior longitudinal fasciculus). As an eye-hand coordinated task, probably requiring interhemispheric information transfer for matching numerical and nonsense symbols (c.f., Rosenbloom et al., in press) , it is also reasonable that better performance was related to evidence for greater callosal integrity; in this case, the regions making the greatest contribution to performance were the genu, parietal, and temporal sectors. Taken together, these performance-white matter relationships support the contention that degradation of white matter systems in normal aging may be a greater contributor to slowed performance than degradation of gray matter (e.g., Rabbitt et al., 2007) , although a direct test of this hypothesis will require joint assessment of gray matter and white matter.
Only a few other studies used quantitative fiber tracking to test the effect of age on brain white matter systems, but each study was limited in scope. Our earlier study, based on DTI data collected at 3 T, a different dataset from the one reported herein, focused on the corpus callosum and revealed an anterior-posterior gradient for low to high FA and the opposite pattern for the three diffusivity measures . This gradient was forthcoming in the present study as well. Another study, also conducted at 3 T, compared two fiber tracts of the limbic system and found age-related modest decline in FA and definitive increase in diffusivity in fornix but not cingulate bundles, which did not differentiate the superior from the inferior extension (Stadlbauer et al., 2008 ). In the current study, this pattern was replicated in the fornix and inferior cingulate bundle but not fully in the superior cingulate bundle, which showed similar FA declines and diffusivity increases with age parallel in men and women but statistically significant in the women. Although the DTI data in the present study were collected at a lower magnetic field strength (1.5 T) than the other reports (3 T), the data were adequately robust to conduct the fiber tracking routine. On average, and therefore irrespective of age-related decline, FA ranged from 36% in the fornix and inferior cingulum to 52% in the pontocerebellar bundle and from 56% in the genu to 68% in the splenium. The diffusivity measures for the fornix were exceptionally high. Unique to the fornix is the fact that it is the only structure measured essentially surrounded by CSF, enhancing the possibility of exaggerating the influence of partial voluming (i.e., the inclusion of CSF rather than white matter in the voxel). Further, the observed fornix values may have been contaminated by CSF pulsation, again because of its location in the ventricles. In defining the confines of a fiber system, we imposed restrictions on the length of each tract to assure fidelity of tract identification. Because of the inability to identify and quantify the full extent between gray matter structural targets due to the change in orientational diffusivity as the signal transitions from white matter to gray matter (occurring at any magnet field strength), fiber tracking from gray matter node to node is especially challenging and was not attempted here.
In essence, fiber tracking uses local samples of white matter meeting a minimum FA value of 17% and a maximum eigenvector permitting no more than a 37 • difference in orientational anisotropy from voxel to voxel. These criteria can minimize the problem of partial voluming effects, which arises when non-white matter signal is included into the region examined. Even when partial voluming is controlled for by rarifying a white matter sample by eroding the outer perimeter, the likely location of partial voluming, age-related increases in diffusivity and decreases in FA are significant . Thus, the analysis criteria applied in fiber tracking serve as a form of erosion of voxels with a high potential of containing non-white matter signal. The resulting regionally differential increase in water motility with age is likely attributable to age-related increases in extracellular spaces (Sen and Basser, 2005) but cannot currently be definitively discerned in vivo (e.g., Norris et al., 1994; Pfefferbaum and Sullivan, 2005b; Rumpel et al., 1998; Sehy et al., 2002; Silva et al., 2002) . It may also reflect breakdown of myelin sheathing, trapping of fluid between thin or lysed sheathes and between fibers and bulbous swelling of oligodendrocytes observed postmortem in normal aging human and nonhuman primates Sethares, 2002, 2003; Peters et al., 2001) .
The age-related increase in diffusivity was typically distributed in both λL and λT. This pattern differs from acute animal models of axonal injury and demyelination. For instance, 12 weeks of cuprizone treatment in a mouse resulted in demyelination and produced a decrease in L followed by an increase in λT in the corpus callosum (Sun et al., 2006) . The decrease in λL was transient and almost fully recovered at the time the increase in λT occurred. As modeled by Sen and Basser (2005) , "the bath or the extraaxonal fluid mainly determines the overall diffusion coefficient.." (p. 2936). Thus, the cause of the decrease in λL in the acute mouse cuprizone model, while unknown, might be due to transient extraaxonal processes inhibiting or disrupting linear water motility, e.g., inflammatory response. In the case of normal adult aging, which is a non-acute condition, we observed increases in both λL and λT, which could be explained by decreased packing within a voxel, allowing for increased diffusivity in all orientations. The likely age-related increase in extraaxonal fluid could be due to thinning of myelin or decrease in axonal diameter or both. The possibility of decreased axonal packing in white matter structures with advancing age is also supported by the observation that white matter volume shows little decrease with advancing age (Blatter et al., 1995; Courchesne et al., 2000; Good et al., 2001; Pfefferbaum et al., 1994; Raz et al., 1997; Smith et al., 2007; Sowell et al., 2004; Sullivan et al., 2000 Sullivan et al., , 2004 Taki et al., 2006) , whereas other MR imaging metrics, e.g., ADC and T2 , which are sensitive to free water content, increase.
In conclusion, our survey of white matter fiber systems throughout much of the brain indicated regional variation in microstructural integrity, with greater contribution to these differences from age than sex and from diffusivity (marking the condition of axons and myelin) than anisotropy (marking the organization of parallel fibers). Frontal, limbic, striatal, and superior fiber systems of the supratentorium were most consistently affected by advancing age in adulthood, whereas infratentorial systems were robust to normal aging. An anterior-posterior gradient was replicated in the commissural fiber sectors. The pattern of age-related decline of FA mirrors postmortem investigations, which reveal degradation of white matter microstructure, including degradation of myelin (measured in vivo with λT) (Kemper, 1994) and axon deletion (measured in vivo with λL) (Aboitiz et al., 1996; Meier-Ruge et al., 1992) , especially of myelinated fibers of the precentral gyrus and small connecting fibers of the anterior corpus callosum. The greater susceptibility of superior than inferior and anterior than posterior fiber bundles to the throes of aging suggests a neural systems basis for dampening of components of motor control and selective attention, marking performance by healthy elderly men and women (e.g. Johannsen et al., 1997; Müller-Oehring et al., 2007; Nielsen-Bohlman and Knight, 1995; Pfefferbaum et al., 1984; Rabbitt et al., 2007 for review Craik and Salthouse, 2008) . Declining function with normal aging may preferentially arise from impoverished connections between nodes of a neural system rather than, or in addition to, deterioration of the gray matter nodes themselves, thus curtailing but not prohibiting youthful performance by the elderly. Deshmukh, M.D.) for their work in subject recruitment, clinical evaluation, medical examination, scheduling, screening, data collection, and data entry. This work was supported by the National Institute on Aging (AG017919) and National Institute on Alcohol Abuse and Alcoholism (AA010723 and AA012388).
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